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INTRODUCTION
Injuries to the anterior cruciate ligament (ACL) of the knee are frequent, mainly in young people and in the sports area, but may occur in all age groups. Surgical treatment is widely employed, consisting of anatomical or functional replacement of the ACL. Currently, intra-articular reconstruction techniques prevail, in which the ACL or one of its bundles is replaced with a graft fixed to femoral or tibial bone tunnels to stabilize the anterior knee. The anteromedial fasciculus of the ACL is more relevant for the containment of the anterior drawer with the knee at a more pronounced flexion, close to 90°. 3 Because it has the most isometric behavior, it is the bundle chosen to be reproduced in reconstructions with single tunnels. [4] [5] [6] [7] [8] [9] [10] However, it is known that the ACL has at least 2 anatomical bundles, the small anteromedial one and the posterolateral one, and that their mechanical and functional performances are different. 1, 3, 5, [10] [11] [12] [13] [14] [15] [16] [17] The double tunnel technique in humans has been reported, with good results. 20, [22] [23] [24] However, most studies consist either of case series reports with no comparative control groups or of mere descriptions of the technique, such as technical notes. [25] [26] [27] [28] [29] [30] [31] We developed an ACL reconstruction technique using a double femoral bone tunnel and a patellar bone-quadri-ceps tendon graft with its tendinous portion split longitudinally in an attempt to more accurately reproduce the normal anatomy of the anteromedial and posterolateral bundle. We compared this technique to widely employed conventional single-bundle technique. 33 Our objective was to verify the magnitude of the repercussion of our double bundle technique on the final stability of the knee with regard to its possible transposition into the clinical practice.
MATERIALS AND METHODS

Specimen collection, preparation, and preservation
Our study included 20 anatomical specimens of knees from 10 fresh cadavers provided by the Death Verification Service of Sao Paulo City (Sao Paulo, SP -Brazil). The sex and racial composition were as follows: 7 males, 7 Caucasians, 2 mulattoes, and 1 Asian. The cause of death for all of them was some nonconsumptive disease. Their mean age was 46.9 years (range: 27-67 years).
Both knees of each cadaver were removed with all tissues, except the skin and subcutaneous cell tissue, 20 to 30 cm proximal and distally to the joint. All specimens were desiccated by removing muscles, vasa, nerves. The distal femoral segment and the proximal tibial segment, the lateral and medial ligamentous complexes, the cruciate ligaments, and the posterior capsule were preserved. The unit formed by the patella-quadriceps muscle tendon was desiccated separately, and the graft was extracted from the middle portion of the quadriceps tendon of each unit, with a patellar bone segment at the distal end (quadriceps-bone tendon graft). We then removed the tendinous fragment, which was 8 cm long, 1 cm wide, and 1 cm thick, as well as the bone fragment, which was 2.5 cm long, 1 cm wide, and 1 cm thick.
All specimens were identified, packed in plastic bags, and kept in the freezer at minus 20°C until tested (usually 2 weeks later). The quadriceps-bone tendon grafts were identified according to the knee they were removed from. To perform the tests, the grafts were left to defrost in isotonic saline (0.9% NaCl solution) for at least 2 hours at room temperature.
Tests
All knees were tested for tibial anterior dislocation in relation to the femur at 0°, 30°, 60°, and 90° of knee flexion using a universal Kratos ® Model k5002 testing machine equipped with a model MM 100 kgf load cell and universal connection. The tests were documented using a 790 BBC Goerz Metrawatt Servogor graphic recorder to analyze the graphs of dislocation and rigidity of the system. The speed of application of the load adopted for all tests was 20 mm/minute.
The specimens were fixed to the machine by means of devices specially developed for the purpose. The femur was fixed near the base of the machine by means of a cylinder held by an adjustable vise, which allowed us to change the knee flexion angle, while the tibia was held by a cylinder directly and horizontally coupled to the load cell ( Figure  1 ). Uniform movement was applied until a 100 N load was achieved at 0°, 30°, 60°, and 90° of knee flexion, with 4 repetitions at each degree of flexion. The results shown in the tables are the means of the last 3 repetitions.
Reconstruction tests for the ACL were performed with paired single-or double-femoral tunnels so that each knee subjected to each reconstruction technique was compared with its contralateral pair that was reconstructed using the other technique. Each pair of knees subjected to testing was alternated with regard to the side subjected to a each different (double or single bundle) reconstruction technique for the purpose of preventing any involuntary technical differences related to the operated side.
The graft used in each operation was always taken from the operated knee itself. The control group consisted of the same knees with their intact ligaments, prior to the surgical procedures. Thus, each of the 20 knees was tested twice-once with the intact ACL and once after its resection and reconstruction using either technique studied. The test record of 1 knee was damaged, which prevented us from tabulating the results for this test.
Following the initial series of tests with intact knees, the specimens were divided into 2 groups of 10 knees each. The anterior cruciate ligaments were then resected in both groups.
The anterior cruciate ligaments of the knees in Group I were reconstructed with a 10-mm diameter quadricepsbone tendon graft through single tibial and femoral tunnels and fixed to the femur and tibia at points that were respectively 1 cm proximal and 1 cm distal to the extraarticular holes using Ethibond # 5 thread anchored to a bicortical screw with washer. The bone fragment of the graft was positioned into the tibial tunnel using 2 Ethibond # 5 threads through the bone. The tendinous end was fixed to the tunnel using Krackow-type 34, 35 sutures and Ethibond # 5 (braided polyester thread).
The anterior cruciate ligaments of the knees in Group II were reconstructed with 10-mm wide quadriceps-bone tendon graft. The tibial tunnel and the fixation of the bone fragment to this tunnel were identical with those in Group I, and the tendinous segment of the graft was divided longitudinally into two 5-mm wide segments ( Figure 2 ) that were individually fixed to the femur through individual tunnels drilled in them, reproducing the ACL anteromedial and posterolateral bundles.
The grafts of both groups were placed on a preparation table and subjected to longitudinal tension by the fixing threads in order to accommodate the sutures into the graft ( Figure 3 ).
The surgeries
Each desiccated anatomical specimen was fixed to a stainless steel table by means of a vise where the tibial distal end was attached. Initially, the ACL was inspected for integrity and identification of its anteromedial and posterolateral bundles. The ligament was then resected (Figure 4) .
A 10-mm tibial tunnel was drilled, with the tunnel centered 5 mm anterior to the medial intercondylar tubercle. The next steps varied according to the reconstruction technique employed, except for the passage of the graft and its fixation to the tibial tunnel. Once the femoral tunnel was drilled, the graft was passed through it, pulled by the suture threads of the tendinous end and leaving the bone-tendon transition in the articular hole of the tunnel. The graft bone fragment was then anchored into the tibial metaphysis by means of suture threads to a bicortical screw at a point approximately 1 cm distal to the external tibial hole.
Reconstruction using a single bundle and femoral tunnel
A 10-mm femoral tunnel was drilled in the lateral wall of the intercondylar notch, 30º from the central position and leaving a 2-mm posterior wall. The graft was then passed through the tibial and femoral bone tunnels, and the tendinous end was fixed under tension to the femur with the knee at 30° of flexion after fixing the bone end to the tibia as described above. Tension was provided by manually tensioning the suture threads.
Reconstruction with double bundle and femoral tunnel
The first femoral tunnel was placed in the same position as in the single-bundle technique but was only 6 mm in diameter. The second femoral tunnel was drilled in a posterior-inferior position 2 mm from the first, with a divergent orientation. In this way, we produced 2 points of femoral insertion separated by a distance of 2 mm and with a wall between the tunnels that was thicker than that between the articular holes, preventing the risk of rupturing the wall that separated the tunnels. The first tunnel is conventionally used in ACL reconstructions and was drilled in the single femoral tunnel group; the second tunnel was drilled in an immediately posterior-inferior position and reproduces the femoral origin of the ACL posterolateral bundle as described by Girgis et al. 3 The graft was then passed through the bone tunnels, and the 2 tendinous ends were fixed un- der tension to the femur at 30° of knee flexion, following the fixation of the bone end to the tibia. The anterior bundle was passed through the first femoral tunnel, and the posterior bundle was passed through the second tunnel, more posterior and more laterally than the first one. First, we fixed the anteromedial tunnel bundle, followed by fixation of the posterolateral tunnel bundle. Tension was provided by manually tensioning the suture threads.
Statistical analysis
A basic descriptive statistical analysis was performed of the quantitative parameters, anterior dislocation and rigidity. For parametric intergroup comparisons, we used paired and unpaired Student t tests. For nonparametric intergroup comparisons, we used the Wilcoxon and MannWhitney U tests. In all cases we adopted a 5% significance level (α = 0.05).
RESULTS
The test results concerning tibial anterior dislocation in relation to the femur at 0°, 30°, 60°, and 90° of knee flexion showed that the dislocation was more pronounced after resection of the anterior cruciate ligament (ACL) and its reconstruction than with the intact ACL (Table 1) . Dislocation was the same after single-or double-bundle reconstruction and was more pronounced compared to the intact ACL.
The results of rigidity tests (kN/m) at 0°, 30°, 60°, and 90° of knee flexion show that rigidity was less pronounced after ACL resection and reconstruction than with the intact ACL at the 4 angles of knee flexion (Table 2) .
Tests for tibial anterior dislocation differences in relation to the femur, as well as for rigidity at 0°, 30°, 60°, and 90° of knee flexion showed that there was no change as a function of the reconstruction technique employed (P = .57, P = .8356, P = .4401 and P = .6104, respectively, for dislocation, and P = .1416, P = .2062, P = .4581 and P = .2892, respectively, for rigidity) (Tables 3 and 4) .
DISCUSSION
Techniques and Grafts
Intra-articular ACL reconstruction is a well established procedure, being currently the most widely used technique in the surgical treatment of anterior instability of the knee. The results are good in approximately 90% of cases. 6, 7, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] However, the replacement of the ACL with a graft using a single bundle of fibers and single insertions into the tibia Thus we tested an ACL replacement technique using a graft with 2 bundles of fibers and 2 sites of insertion into the femur. Although some authors do not accept the existence of 2 or 3 anatomical fasciculi in the ACL, 12, 18 there is a consensus on the concept that different parts of the ligament behave differently at different angles of knee flexion. In our study, we could observe macroscopically the presence of these two fasciculi. In general, authors agree that the posterolateral bundle, ie, the most posterior portion of the ACL, becomes tensioned as the knee approaches extension and relaxes as the knee bends. 4, 5, 12, 18 Its stabilizing function occurs mainly in the first 45° of flexion, where it alone accounts for up to 47% the resistance to tibial anterior dislocation, according to Amis and Dawkins. 4 Although Takai et al 17 have found the two bundles equally dividing the tension with the extended knee, the great majority of authors recognize that the involvement of the ACL anteromedial bundle in the first 30° to 45° of flexion is secondary to that of the posterolateral bundle. 4, 5, 12, 18 However, the near-isometric behavior of the anteromedial bundle is commonly observed, and this is the reason why its reproduction is recommended in single-bundle reconstructions.
It seems evident that, at least from a functional perspec- tive, the ACL has multiple bundles and that, although the reconstruction of a single bundle can stabilize the knee in the anterior direction in the sagittal plane, it will not fully reproduce the anatomy and function of the ACL. Therefore, the reproduction of the two functionally most important bundles, regardless of the divergences concerning their relative contributions to knee stabilization, aims at improving the ACL reconstruction technique so that it approaches the normal functional anatomy of this ligament.
The isometricity (positioning) of the graft has been widely studied, 5,9,50-52 and the replacement of the anteromedial bundle best approaches this position. The reproduction of the posterolateral bundle, although less isometric, could contribute to the global isometricity of the reconstruction, since it becomes more tensioned in the positions where the anteromedial bundle would be more relaxed, thus playing a complementary role and making the resulting tension on the graft less variable.
Although the ACL anatomy and function have been widely studied, publications dealing with replacement of more than 1 ligament bundle are mostly descriptions of techniques [25] [26] [27] [28] [29] [30] [31] or case series reports. 20, [22] [23] [24] Most authors make use of semitendinous and gracilis tendon grafts [24] [25] [26] [28] [29] [30] 32 or alografts. 23, 25 Our study used the quadriceps-bone tendon graft, which, although not the most frequently used for ACL primary reconstructions, has mechanical characteristics that are superior to those of the patellar ligament graft [54] [55] [56] [57] [58] [59] and is used mainly in revision operations and complex knee injury reconstructions involving both cruciate ligaments. 60 The quadriceps tendon graft seemed to us appropriate for this study because of the fact that it has bone in one end and, in the other, a tendon that is thicker than the patellar ligament. Therefore, in the double femoral tunnel reconstructions, the tendinous end was longitudinally divided into 2 bundles that were thicker than the one that would be obtained using the flat, thin patellar ligament. 55, 56, 58 At other end, the bone fragment fixed to the tibial tunnel provides a common single base for the tensioning of the 2 tendinous bundles, which simplifies the technique and reduces the number of required fixations. To the best of our knowledge there is only 1 published report that used the same graft for double-bundle reconstruction. 31 The reconstruction technique derives from the original technique of Jones 61 that was standardized in the US by Clancy et al 7 and in Europe by Dejour. [62] [63] [64] Besides using the quadriceps-bone tendon graft, we introduced a technical change in the femoral double tunnel series, in which the first tunnel was drilled as in the original technique and a second tunnel was drilled distally, posteriorly, and laterally to the first in a position corresponding to the ACL posterolateral bundle, 3, 4 thus reproducing the two main ACL bundles, ie, the anteromedial and the posterolateral bundles.
Dislocation and Rigidity
The large variation in the mechanical properties of ligaments and tendons observed in this study is also documented in literature by authors such as Rossi et al 65 and Noyes et al. 66 In both operated groups of our study, the median anterior dislocation was larger than that in the control group at all angles of flexion except in single-bundle reconstructed knees at 60° of knee flexion, which stayed in the significance level limit. Also concerning rigidity, the behavior of both groups was similar, but the control group showed lower values at all positions. Our results are consistent with those achieved by Chao et al, 22 Radford et al, 53 and Guanche et al, 14 who observed major differences in the behavior of knees undergoing single-bundle and doublebundle reconstruction compared to the knee with an intact ACL. On the other hand, Miura et al 67 recently reproduced knee strength similar to that of the intact ACL.
Regarding the comparison between the operated groups, we used the difference between the results from each operated knee and its control since, although we used paired tests, we observed large variability in the behavior of the left and right knees of the same cadavers in the control group. We noticed that the use of a double bundle in ACL reconstruction did not contribute to reduced tibial anterior dislocation when compared with single-bundle reconstruction in any of the angles of knee flexion. Also, there were no differences concerning rigidity between the two groups. Chao et al 22 and Guanche et al, 14 studying human knees, and Radford et al, 53 studying animals, had similar results; however, Guanche et al.
14 using a double bundle with distinct bone tunnels both in the femur and the tibia, obtained tension levels that were not necessarily expressed in tibial anterior dislocation and were similar to anteromedial bundle of the intact ACL. Muneta et al 20 presented positive preliminary clinical results concerning double-bundle reconstruction.
Therefore, although the anatomy and biomechanics of the knee indicated that reconstructing the ACL with 2 bundles with the intent of making a more isometric reconstruction would result in better containment of the anterior tibial translation, our results did not support this supposition.
CONCLUSION
We conclude that anterior cruciate ligament reconstruction, both using single-bundle and double-bundle techniques, provides less rigidity and will not reestablish the ability to contain the tibial anterior dislocation in comparison with the intact ligament of the control group at 0°, 30°, 60°, and 90° of knee flexion exposed to a 100 N force. Anterior cruciate ligament reconstruction with a double bundle reproducing the anteromedial bundle and the posterolateral bundle is not superior to the reconstruction with single bundle reproducing the anteromedial bundle, in terms of reduction of the tibial anterior dislocation at 0°, 30°, 60°, and 90° of knee flexion exposed to a 100 N force and in terms of rigidity under the same conditions. OBJETIVO: Testar uma técnica de reconstrução intra-articular do ligamento cruzado anterior do joelho em 10 cadáveres humanos com substituição de dois feixes do ligamento cruzado anterior, com objetivo de produzir um substituto estruturalmente mais semelhante à anatomia do ligamento cruzado anterior e que conferisse maior estabilidade ao joelho. MÉTODOS: Os feixes ântero-medial e póstero-lateral foram reconstruídos com um enxerto de tendão do músculo quadríceps da coxa, incluindo um segmento ósseo patelar. Dez joelhos (cinco direitos e cinco esquerdos de cadáveres diferentes) tiveram o feixe ântero-medial substituído por um enxerto de tendão quadricipital-osso e, nos pares desses joelhos, foram substituídos o feixe ântero-medial e o póstero-lateral. Nestes últimos, o segmento ósseo foi fixado na tíbia e a parte tendinosa do enxerto foi dividida longitudinalmente, dando origem a dois feixes de 5 mm de largura, que foram inseridos separadamente no fêmur através de dois túneis ósseos independentes. Os joelhos foram então submetidos a ensaios mecânicos, nos quais avaliamos o deslocamento anterior da tíbia em relação ao fêmur e a rigidez do enxerto. Os joelhos com ligamento cruzado anterior íntegro, antes de sua ressecção para a realização das reconstruções, formaram o grupo controle. RESULTADOS: Os resultados obtidos não mostraram superioridade da reconstrução com duplo feixe sobre a reconstrução com feixe único e nenhuma delas conferiu ao joelho a mesma estabilidade e rigidez do ligamento cruzado anterior íntegro. CONCLUSÃO: Apesar de encontrarmos na anatomia e na biomecânica do joelho razões para procurarmos reconstruir o ligamento cruzado anterior com dois feixes, no intuito de tornar a sua reconstrução mais anatômica, proporcionando uma melhor contenção da translação anterior da tíbia, não conseguimos, com os nossos resultados, justificar a utilização da técnica estudada.
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